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Analysis of Vesicular Porosity in Soils using High 
Resolution X-Ray Computed Tomography
Pedology
Vesicular horizons are a widely occurring feature of soils in arid and semi-arid lands, with critical implications for the surface hydrology of water-limited ecosystems. Vesicular horizons occur at or near the soil surface 
and are characterized by the predominance of discontinuous, nearly spherical ve-
sicular pores. They have been observed on every continent on Earth and cover large 
areas of land in arid and semiarid regions (Ellis, 1990; Turk and Graham, 2011) 
but are generally limited to regions receiving <350 mm of mean annual precipita-
tion (Dietze et al., 2012). The vesicular horizon often occurs beneath a surficial 
monolayer of embedded gravels known as reg (Dan et al., 1982; Amit and Gerson, 
1986) or desert pavement (Clements et al., 1957; Musick, 1975). The entrapment 
of dust beneath the desert pavement lifts the gravels at the surface and creates an 
eolian layer that often develops vesicular porosity (McFadden et al., 1987; Wells 
et al., 1995; Wood et al., 2005; Valentine and Harrington, 2006; Ugolini et al., 
2008). The texture of this horizon is most often in the loam, silt loam, or sandy 
loam textural classes (Turk and Graham, 2011). In the Mojave Desert, periods of 
high eolian activity, caused by the drying of pluvial lakes during the Pleistocene-to-
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Vesicular horizons are common at the surface of arid and semiarid soils and 
play a critical role in regulating infiltration. Most methods for examining 
pore morphology in the vesicular horizon involve physical sectioning of the 
sample and individual measurement of pores, which is time-consuming and 
provides an incomplete view of the pores. The objectives of this study were to 
(i) develop methods for the classification and characterization of pores in the 
vesicular horizon using high resolution X-ray computed tomography (HRXCT) 
and (ii) use these methods to examine the distribution of pores within vesic-
ular peds. Three intact peds were scanned by HRXCT and examined using 
Blob3D software. A subset of pores from the first scan were observed and 
used to develop a classification tree model based on quantitative parameters 
of pore shape. Five major pore classes were found: equant vesicles, non-
equant vesicles, individual vughs, connected vughs, and planar voids. All pore 
types decreased in size with increasing depth in the samples; however, the 
trend in quantity of pores with depth varied between pore types. In the ped 
with the least vesicular porosity, there was an increase in size and decrease 
in number of all pore types between the ped interior and exterior, a pattern 
which was reduced in the peds that were more dominantly vesicular. The 
application of HRXCT in this study shows how pore shape and size can be 
quantified within the vesicular horizon and reveals considerable variation of 
these characteristics within and between peds.
Abbreviations: AR1, aspect ratio 1 (longest/shortest axis); AR2, aspect ratio 2 (longest/
second-longest axis); HRXCT, high resolution X-ray computed tomography; SNSVR, 
sphere-normalized surface to volume ratio; VHI, vesicular horizon index.
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Pedology
Holocene transition period, have been hypothesized as a cause 
of widespread dust accretion and vesicular horizon formation 
(McFadden et al., 1998; Anderson et al., 2002).
Within the desert landscape, vesicular horizons display fine-
scale heterogeneity. They occur extensively in the intercanopy 
soils between shrubs but are absent or weakly expressed beneath 
the shrub canopy (Wood et al., 1978; Shafer et al., 2007). The 
absence of vesicular porosity beneath the shrub canopy has been 
attributed to factors such as the dissipation of raindrop energy, 
which prevents surface crusting (Hillel, 1998) and the disrup-
tion of the surface by root channels and rodent burrows, which 
become dominate transport pathways for water and air (Dietze 
et al., 2012). Variability of surface properties in arid soils leads 
to heterogeneous infiltration rates, which control runoff and 
run-on patterns (Abrahams and Parsons, 1991). Soils with ve-
sicular horizons have much lower infiltration rates compared to 
nonvesicular soils of shrub islands, ephemeral washes, and young 
alluvial deposits (Turk and Graham, 2011). Many studies have 
illustrated that the pore characteristics of the vesicular horizon 
are responsible for the reduced infiltration rates of the vesicu-
lar soils. Negative correlations have been observed between the 
amount of vesicular porosity in the surface horizon and infil-
tration rates (Blackburn, 1975; Valentin, 1994; Lebedeva et al., 
2009), and infiltration rates have been shown to decrease when 
vesicular porosity is recreated by repeated wetting and drying of 
soil samples in the lab (Dietze et al., 2012). Thus, vesicular ho-
rizons favor runoff over leaching, which limits the plant water 
supply and leads to decreased leaching of salts and consequently 
increases plant osmotic stress due to high soil salinity (Musick, 
1975; Wood et al., 2005). With increasing soil development, veg-
etation becomes more restricted to shrub islands and ephemeral 
washes, where run-on accumulates (Noy-Meir, 1973; Musick, 
1975; McAuliffe, 1994).
Vesicular horizons are usually 1 to 10 cm thick (Wood et 
al., 1978; Dan et al., 1982; Ugolini et al., 2008; Yonovitz and 
Drohan, 2009; Turk and Graham, 2011; Dietze et al., 2012). The 
vesicular pores range from less than one to a few mm in diameter 
(Anderson et al., 2002; Dietze et al., 2012) and can be equant, 
oblate, or prolate in shape with smooth walls (Brewer, 1976; 
Sullivan and Koppi, 1991; Stoops, 2003). In addition to the 
rounded vesicular pores, irregular pores are also often observed 
in the vesicular soil horizon. These pores have been referred to as 
vughs by some authors (Figueira and Stoops, 1983; Yonovitz and 
Drohan, 2009) or included as vesicles by others (Dietze et al., 
2012). Vughs have been considered to form by the coalescence 
of vesicles (Dietze et al., 2012) and are sometimes connected 
by narrow channels (Brewer, 1976; Sullivan and Koppi, 1991; 
Dietze et al., 2012). Vesicular horizons may be massive or platy, 
but in their more developed form they have a primary structure 
consisting of columns or prisms that part to a secondary platy 
structure (McFadden et al., 1998; Anderson et al., 2002; Dietze 
et al., 2012).
Vesicular pores are formed by the entrapment of air in soil 
during wetting events (Hugie and Passey, 1964; Miller, 1971; 
Figueira and Stoops, 1983; Stoops, 2003). Bubbles can be ob-
served rising through the vesicular horizon when it is in the 
fluid, supersaturated condition (Hugie and Passey, 1964). As the 
soil dries and hardens, the bubbles get trapped, forming vesicu-
lar pores. Vesicular horizons occur in association with “sealed” 
surfaces, which many authors have suggested to play a critical 
role in the formation of the vesicular pores, although the exact 
mechanism is debated. Various authors have suggested that the 
seal impedes the escape of entrapped air (Evenari et al., 1974; 
Ellis, 1990). Others have suggested that negative pressure is cre-
ated by a wetting front advancing beneath a surface seal, leading 
to the effervescence of dissolved gases (Hillel, 1998; Dietze et al., 
2012). Surfaces that produce an effective seal include embedded 
gravels (Evenari et al., 1974; Figueira and Stoops, 1983; Valentin, 
1994), physical crusts (Hugie and Passey, 1964; Miller, 1971; 
Brewer, 1976; Evenari et al., 1974; Hillel, 1998; Cantón et al., 
2003; Badorreck et al., 2013), and biological soil crusts (Evenari 
et al., 1974; Malam Issa et al., 1999; Joeckel and Clement, 1999; 
Cantón et al., 2003; Williams et al., 2012). Gravels form an ef-
fective surface seal when they are embedded in the underlying 
sediment, but protect the surface from sealing and vesicle for-
mation if they are nonembedded (Valentin, 1994). This explains 
why the embedded gravels of desert pavement and reg surfaces 
have such widespread association with vesicular soils horizons. 
Other hypothesized mechanisms of vesicular pore formation 
include production of biogenic gases by soil microorganisms 
(Paletskaya et al., 1958), CO2 released as CaCO3 precipitates 
during drying (Paletskaya et al., 1958; Evenari et al., 1974; 
Lebedeva et al., 2009), and thermal expansion of gases due to 
solar heating (Evenari et al., 1974; Henning and Kellner, 1994; 
Brown and Dunkerley, 1996). All three of these hypotheses have 
been shown to be of minor significance by experimental manipu-
lation of samples used to recreate vesicular pores in the labora-
tory (Dietze et al., 2012; Turk, 2012).
There is a need for quantitative methods of analyzing and 
describing pores in the vesicular horizon to discern differences 
between vesicular horizons formed under different conditions or 
displaying different hydrologic behaviors (Dietze et al., 2012). 
A semi-quantitative characterization of vesicular porosity can be 
made in the field using the vesicular horizon index (VHI), which 
is based on horizon thickness and pore size and quantity classes 
assigned by visual assessment (Turk and Graham, 2011). Past 
studies of pore morphology in the vesicular horizon have used 
thin sections (Figueira and Stoops, 1983; Sullivan and Koppi, 
1991; Yonovitz and Drohan, 2009) or photographs of a bisected 
ped taken under careful lighting conditions (Dietze et al., 2012). 
These studies have classified or described pores shapes using an 
index of roundness (Figueira and Stoops, 1983; Dietze et al., 
2012), or the pore aspect ratio (Yonovitz and Drohan, 2009), 
and quantified the size of the pores in terms of their cross-sec-
tional area exposed in the thin section.
In recent years, computed tomography has found many ap-
plications in the quantitative study of pore structure in soils and 
other porous media (Ketcham and Carlson, 2001; Brun et al., 
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2010). These methods offer more complete imagery of the pores 
in three dimensions and require no physical sectioning of the 
sample. We used HRXCT to characterize the pores of a vesicular 
horizon in three dimensions. The objectives of our study were to 
(i) develop methods for the classification and characterization of 
pores in the vesicular horizon using high HRXCT and (ii) use 
these methods to examine the intrapedal distribution of pores.
MATERIALS AND METHODS
Sample Collection
Three well-developed vesicular peds were collected from 
sites in the central Great Basin Desert. The sites were located 
in Nevada near the towns of Lida, Tonopah, and Mina (Fig. 1). 
Climate data from Tonopah, NV indicates a mean annual tem-
perature of 11°C and mean annual precipitation of 150 mm for 
this region of the Great Basin. All sites were located on alluvial 
fan surfaces with desert pavement composed of mixed volcanic 
rock fragments and sparse vegeta-
tion composed of saltbush–grease-
wood scrub [Sarcobatus vermicula-
tus (Hook.) Torr., Lycium shockleyi 
A. Gray, Ephedra nevadensis S. 
Watson, and Picrothamnus deserto-
rum Nutt.] (Table 1). Elevation of 
the sites ranged from 1429 to 1626 
m. The soils at each of the sites were 
described and classified accord-
ing to Soil Taxonomy (Soil Survey 
Staff, 2010). At Lida and Tonopah, 
the soils were Haplocambids and 
at Mina the soils were Haplargids. 
The alluvial fan surfaces are esti-
mated to range in age from mid-
Holocene to late Pleistocene based 
on interpretations of soil morphol-
ogy in comparison to alluvial fan 
surfaces of known age in the region 
(Bell, 1995). The vesicular hori-
zons at all three sites had moderate 
to strong columnar structure and 
loam textures. Vesicular horizon in-
dexes range from 2.6 to 2.9, which is 
slightly greater than the median of 
2.4 for the central Great Basin (Turk 
and Graham, 2011). The peds col-
lected for analysis ranged in size from 4 to 4.5 cm in height and 7 
to 8.5 cm in diameter (Fig. 2).
Computed Tomography Scanning and Segregation
The peds were scanned using HRXCT, with an interslice 
spacing of 0.08118 mm and a resolution of 0.0752 mm per pixel. 
The slices generated by the HRXCT scan were analyzed using 
the Blob3D software package (Ketcham, 2005). The Blob3D 
program has three main steps: segregation, separation, and ex-
traction. In segregation, filters are applied to the greyscale images 
to define the content of each voxel (3D pixel). During separa-
tion, contiguous voxels of the same content type, called blobs, 
can be divided into sub-blobs, accepted as a whole, or rejected. 
Finally, the extraction step generates quantitative metrics of the 
separated blobs, such as surface area and volume.
Fig. 1. Sampling location shown with respect to the Nevada state boundary and Landsat imagery (USGS, 2009).
Table 1. Sampling locations and soil characteristics.
Field site Elevation, m Landform† Soil great group‡ VHI§ Estimate soil age¶ Vesicular horizon texture#
Lida, NV 1560 Inset fan Haplocambids 2.6 Middle Holocene loam
Tonopah, NV 1626 Erosional fan remnant Haplocambids 2.7 Early Holocene loam
Mina, NV 1429 Erosional fan remnant Haplargids 2.9 Late Pleistocene loam
† Determined by field observation and classified according to Peterson (1981).
‡ Determined by field observation and classified according to Soil Taxonomy (Soil Survey Staff, 2010).
§ Vesicular horizon index (Turk and Graham, 2011).
¶ Estimated from comparison to soil properties of data surfaces at the Mina, Nevada site (Bell, 1995).
# Lab-determined textures by laser diffraction scanning (Eshel et al., 2004; Segal et al., 2009).
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In this study, voids, gravels, and the scanned area outside of 
the sample were segregated for analysis, based on the greyscale 
values of TIFF images generated by the scan. The range of 
greyscale values for each segregation step was adjusted to find the 
best match between the selected pixels and our visual interpreta-
tion of voids and gravels. The scanned area outside of the sample 
was segregated with the voids and then distinguished as a differ-
ent component during the separate step. All voids smaller than 
0.065 mm3 (corresponding to a 0.5-mm diam. sphere) were re-
jected due to difficulty resolving pores in this size range. Gravels 
were segregated using a 95% majority filter within a five-pixel 
radius, which improved detection of gravels by testing for homo-
geneity of the voxels. All gravel blobs <4.189 mm3 were rejected 
because they are not large enough to be considered gravels.
Pore Classification
The pore classification scheme was developed using the sam-
ple from Lida, NV. This sample was selected as typical for the 
region because it has a VHI of 2.6, which is just slightly above the 
median for the central Great Basin (Turk and Graham, 2011). 
A cylindrical subvolume, consisting of the inner 3.5 cm and up-
per 2.6 cm of the sample, was selected for detailed analysis of 
the pore geometry. Every pore occurring entirely within the sub-
volume was examined, and the pore shape described. The total 
number of pores examined was 1130. The pores were described 
as they were segregated from the greyscale images by the Blob3D 
program without additional separations performed. For each 
pore, the sphere-normalized surface to volume ratio (SNSVR) 
was extracted. This value is equal to one for a perfect sphere and 
increases as the surface area increases above that expected for a 
sphere of a given volume ( Jerram et al., 2009). Also, the lengths 
of the three axes defining the best fit ellipsoid were extracted for 
each pore and used to calculate two aspect ratios. The first as-
pect ratio (AR1) is the ratio of the longest to the shortest axis of 
the pore. The second aspect ratio (AR2) is the ratio of the lon-
gest to the second-longest axis of the pore. The extracted values 
(SNSVR, AR1, and AR2) and corresponding descriptions of 
pore shape were analyzed using the recursive partitioning pack-
age in R 2.15.0 (Hothorn et al., 2006) to develop a classification 
tree for the pores based on quantitative parameters. Of the 1130 
pores analyzed, 799 (70%) were randomly selected to train the 
classification tree model, and the remaining 331 (30%) of the 
pores were used to test the agreement between the model-based 
classification and the pore shape described during observation.
Pore Characterization
Following development of the model-based classification 
system, the three complete samples were analyzed by extracting 
the model variables (SNSVR, AR1, and AR2) and classifying 
the pores according to the classification tree. Pore volume, gravel 
volume, maximum axis orientation, and xyz coordinates of the 
centroid of each pore were also extracted for analysis.
Using the extracted data, several terms were calculated to 
describe each pore type. The number of pores per gravel-free 
sample volume was used as a measure of pore quantity. Pore vol-
umes were used as a measure of pore size and were log-normal-
ized for all analyses. For pore classes defined by large aspect ratio, 
the maximum axis orientation relative to the x–y plane of the 
sample was also calculated by subtracting the orientation relative 
to the z plane from 90°.
Variability in pore class, quantity, and size within the peds 
was analyzed. For this analysis, the peds were divided two ways: 
vertically and horizontally. For the vertical division of the ped, 
pores were grouped by the z coordinate of the pore’s centroid 
position into four groups: (i) 0 to 10 mm, (ii) 10 to 20 mm, (iii) 
20 to 30 mm, and (iv) 30 to 40 mm. The volume of the sample 
within each depth range was determined to calculate the number 
of pores per gravel-free soil volume. This was accomplished by 
bringing only the slices corresponding to that depth range into 
Blob3D, segregating the empty volume surrounding the ped and 
Fig. 2. A slice from the high resolution X-ray computed tomography scan 
of the vesicular peds from (a) Lida, NV, (b) Tonopah, NV, and (c) Mina, NV. 
Each slice is a vertical cross section through the ped, oriented so that the 
surface of the ped is at the top of the image.
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the gravels within the ped, and finally subtracting these values 
from the total scanned volume within the depth range under 
consideration.
For the horizontal division of the peds, pores were grouped 
according to the distance of the pore’s centroid position from the 
horizontal center of the ped, according the following equation:
2 2Distance from the horizontal center of the ped x y= +  
where x and y are the x and y coordinates of the pore’s centroid 
position. The groups were (i) 0 to 10 mm, (ii) 10 to 20 mm, 
(iii) 20 to 30 mm, and (iv) 30 to 40 mm. The volume of each 
cylindrical ring-shaped subvolume, defined by each range of dis-
tances, was determined by cropping the scan slices at the inner 
and outer radius of each subvolume, bringing the cropped scans 
into Blob3D, and repeating the segregation of the empty volume 
surrounding the ped and the gravels within the ped. The outer-
radius cylindrical volume was calculated, and the empty volume 
outside of the sample, gravel volume, and the inner-radius cy-
lindrical volume were subtracted to determine the gravel-free 
sample volume of each cylindrical ring.
RESULTS AND DISCUSSION
Description of Pores
Observations using HRXCT imaging revealed that the ve-
sicular horizon contains a variety pore types. Of the pores de-
scribed in the sample from Lida, NV, 44% were some type of ve-
sicular pore. The vesicular pores observed included equant, pro-
late, and oblate shapes (Fig. 3a, 3b, and 3c), which have been de-
scribed previously in thin sections of vesicular horizons (Brewer, 
1976; Sullivan and Koppi, 1991; Stoops, 2003). Another com-
monly observed vesicular pore shape was hemispherical (Fig. 
3d), with the flattened side often bounded by the surface of a 
gravel or a planar void. Of the vesicles in the Lida sample, 35% 
were equant, 37% were oblate, 10% were prolate, and 18% were 
hemispherical, indicating that substantial diversity occurs, even 
in pores that can be classified as vesicles. Some channels connect-
ing vesicular pores were observed but were not common enough 
to be quantified here.
The second class of pores observed in the sample was vughs 
(Fig. 4). These are large, irregular pore shapes that are not nor-
mally connected (Brewer, 1976, Stoops, 2003) and are often 
observed in the vesicular horizon (Figueira and Stoops, 1983; 
Yonovitz and Drohan, 2009). Vughs were nearly as common 
as vesicles, making up 40% of all pores described in the sample. 
Many mechanisms have been described to explain the formation 
of vughs, including flocculation of clay particles, welding of ag-
gregates, differential mineral weath-
ering, or faunal activity (Brewer, 
1976; Stoops, 2003). However, the 
most likely mechanism of vugh for-
mation in the vesicular horizon is 
the merging of adjacent vesicular 
pores as they grow (Dietze et al., 
2012). This mechanism is support-
ed by the vesicle-like lobes that make 
up many of the pores described here 
as vughs (Fig. 4a and 4b).
Vughs were sometimes inter-
connected by channels, forming ei-
ther planar voids (Fig. 5a) or three-
dimensional networks of pores (Fig. 
4c and 4d). Such interconnected 
vughs have been described else-
where (Brewer, 1976); however, 
previous quantitative examinations 
of porosity in the vesicular horizon 
have tended to overlook these inter-
connected networks. This may be 
due to the focus of previous stud-
ies on incipient vesicular porosity 
that has been recreated in the lab 
(Figueira and Stoops, 1983; Dietze 
et al., 2012) as well as the limita-
tions of two-dimensional analysis in 
thin sections. By examining pores in Fig. 3. Images of vesicular pores generated using Blob3D: (a) an equant vesicle, (b) an oblate vesicle, (c) 
a prolate vesicle, and (d) a hemispherical vesicle.
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three-dimensions using HRXCT, all possible directions of inter-
connecting channels are included, which increases the likelihood 
of observing connections between the pores. However, even us-
ing HRXCT, the observation of small interconnecting channels 
is highly sensitive to the choice of greyscale range used to segre-
gate voids. If too broad of a range is chosen, nonconnected pores 
may be interpreted as connected, while too narrow of a greyscale 
range will result in nondetection of small channels connecting 
pores. During the segregation stage of this study, neighboring 
pores that did not appear to be connected were observed and the 
greyscale range was expanded until the maximum limit at which 
the pores remained as discrete entities was reached. Thus, false 
connections between pores were avoided; however, the greyscale 
range may be too narrow to observe some interconnecting pores.
The final group of pores considered here are voids elongated 
along a single plane, which made up 17% of all pores described. 
These pores took a variety of forms. First, there were the vughs 
that were interconnected along a plane (Fig. 5a). Other planar 
voids included pores that were extremely flat and small in volume 
(Fig. 5b, 5c, and 5d). Such voids segregated from the HRXCT 
scan were often observed to be fragments of more extensive pla-
nar voids, which tapered into a zone that was too narrow to be 
segregated at the resolution of the scan. In some cases, channels 
connecting neighboring flattened 
pores were observable (Fig. 5b). 
Such planar voids are considered 
to correspond with the planes of 
weakness between platy aggregates 
that make up the vesicular horizon, 
such as those visible near the surface 
of the sample in Fig. 2a.
Based on these observations, 
and those of other researchers, a ge-
netic pathway of pore development 
in the vesicular horizon may be 
outlined (Fig. 6). The first stage of 
pore development is the formation 
of equant vesicles, with a spherical 
shape that develops to reduce the 
air–water interface of air trapped 
in the soil (Miller, 1971). In the 
second stage, the equant vesicular 
shape is modified by compressional 
forces and the merging of vesicles. 
Equant vesicles may be compressed 
along one or more axes to form ob-
late, prolate, or hemispherical vesi-
cles. In addition, as vesicular pores 
merge they form irregular shapes, 
described as vughs. Vughs, and some 
vesicles, become interconnected by 
narrow channels, possibly through 
the shrinkage of the intervening 
matrix during desiccation (Sullivan 
and Koppi, 1991). Formation of connecting channels along mul-
tiple axes results in a three-dimensional network of pores while 
formation of connecting channels along a single plane results in 
planar voids. Planar networks of pores create planes of weakness 
that can be ruptured under minimal pressure to form platy struc-
ture (Brewer, 1976; Figueira and Stoops, 1983; Anderson et al., 
2002). The application of HRXCT to study vesicular peds dur-
ing different stages of vesicular horizon development, both in the 
lab and in field chronosequence studies, could provide further 
insights into the genetic pathways of pore development in the 
vesicular horizon.
Pore Classification Model
The description of observed pores was used to build a clas-
sification tree model that applies quantitative metrics of pore 
shape extracted from a HRXCT scan in Blob3D. The model is 
designed to create a quantitative system for classification, which 
is more consistent than classification based on visual observation. 
Furthermore, with the classification tree model, all of the pores 
in a sample can be classified in minutes whereas actually observ-
ing and describing each individual pore would be an impractical 
investment of time. To illustrate this point, it took approximately 
20 h to examine and describe the 1130 pores used to build and 
Fig. 4. Images of vughs generated using Blob3D: (a) and (b) examples of isolated vughs and (c) and (d) 
examples of vughs connected by channels.
874 Soil Science Society of America Journal
test the model, and the entire sample 
contained 12,300 pores. Previous 
attempts to use quantitative pore 
parameters to classify pores have 
been made (Figueira and Stoops, 
1983; Yonovitz and Drohan, 2009); 
however, these studies have focused 
primarily on distinguishing vesicles 
and vughs and were limited to two 
dimensional parameters measured 
in thin section. The classification 
tree model employed here allows 
the use of more than one model pa-
rameter to distinguish a larger array 
of pore classes.
The classification tree model is 
illustrated in Fig. 7. The first split 
that the model makes is between 
vesicles and other pore types, based 
on the SNSVR. Vesicles have a lower 
SNSVR, indicating a more spherical 
shape. The second split is between 
equant vesicles and non-equant vesi-
cles (oblate, prolate, and hemispher-
ical) based on AR1. Equant vesicles 
have a smaller AR1, indicating more 
equal axis lengths. The model was 
unable to resolve the difference 
between oblate, prolate, and hemi-
spherical vesicles, which are treated as a group in all subsequent 
analyses. The term AR2 was tested as a modeling parameter to 
help to distinguish the vesicle types but did not show any statisti-
cally significant relationships to pore class. The next split in the 
model is between planar voids and vughs, with planar voids be-
ing distinguished by a high AR1, indicating that they are highly 
elongated in one direction and flattened in another. The last split 
is then between isolated vughs and interconnected vughs, based 
on SNSVR. Interconnected vughs were distinguished by a high 
SNSVR, reflecting their complex shape.
The model was tested using the validation dataset (Table 2). 
Statistical analysis using the chi-square test indicates a strong as-
sociation between modeled pore class and observed pores class 
(c2 = 465.9, P < 0.001). Agreement between the modeled and 
observed classification was strong for the equant vesicles, with 
78% of the pores classified by the model showing agreement 
with the observed classification. Slightly weaker agreement was 
observed for non-equant vesicles (65%) and individual vughs 
(69%). These lower agreement values reflect difficulty training 
the model to distinguish between these two pore types due to 
the correlation between parameters that distinguish the two 
classes (i.e., as AR1 increases, SNSVR also increases). The model 
showed the weakest agreement with observed classes for the 
connected vughs (53%) and planar voids (54%). Many pores de-
scribed as individual vughs were classified as connected vughs or 
Fig. 5. Images of planar voids using Blob3D: (a) vughs connected along a plane, (b) planar voids 
connected by a narrow channel, (c) and (d) planar void fragments.
Fig. 6. Proposed genetic pathway for pore development in the 
vesicular horizon.
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planar voids by the model, and many 
connected vughs were also classified 
as planar voids by the model. This 
result stems from the fact that many 
of the vughs formed by connection 
of vesicles or smaller vughs along a 
plane. The model favored the classi-
fication of such pores as planar voids 
while our descriptions favored call-
ing them vughs. This deviation of 
the model from the observed pore 
classes is considered acceptable be-
cause connected vughs elongated 
along a plane function like planar 
voids in that they create planes of 
weakness and generate localized 
preferential flow pathways within 
the vesicular horizon (Anderson et 
al., 2002).
Overall, the model results 
agreed well with the observed pores 
class for vesicles, but showed less agreement in vughs and planar 
void classes. The model shifted the classification of many pores 
described as vughs towards the planar void class. Though there 
were some clear deviations, the level of agreement between the 
model and description results are found to be acceptable. The 
pore shapes have a degree of continuity that makes drawing an 
exact line between classes difficult. However, the strong contrast 
between well-expressed vesicles, vughs, and planar voids neces-
sitates their separation to provide adequate characterization (see 
Fig. 3, 4, and 5). The classification of pores based on model pa-
rameters created a more exact definition of the pore classes. The 
advantage of the model is its precision and time-saving capacity, 
though some sacrifice of accuracy is made.
Characterization of Pores
The pores classified according to the model display differ-
ences in their size, quantity, and orientation. Connected vughs 
were significantly larger than all other pore types, although they 
were the fewest in quantity (Table 3). The large size of the con-
nected vughs reflects their formation through the development 
of channels between individual vughs, resulting in large net-
works of pores. These large networks, though few in number, 
could provide preferential flow pathways within ped interiors, 
which otherwise restrict water movement (Young et al., 2004; 
Meadows et al., 2008). The second largest pores were the planar 
voids and individual vughs. Most planar voids are aligned with 
their longest axis close to the x–y plane (Fig. 8b), with variation 
explained by the alignment of planar voids with the rounded sur-
face of the columnar ped (Fig. 2a). Vughs were larger in size than 
vesicles (Table 3), lending support to the proposed model of 
formation through coalescence of vesicles (Fig. 6). Non-equant 
vesicles were similar in size to the equant vesicles and were the 
most numerous of all of the pore types (Table 3). The orientation 
of the longest axis of the non-equant vesicles is most often closely 
aligned with the x–y plane of the sample; however, there is more 
variation in orientation than is seen with the planar voids (Fig. 
Table 2. Comparison of observed pore class with classification tree model results in the validation dataset.
Observed pore class
Classification tree result Equant vesicles Non-equant vesicles Individual vughs Connected vughs Planar voids % Agreement
_______________________________________________No. of pores_______________________________________________
Equant vesicles 57 11 5 0 0 78
Non-equant vesicles 7 55 21 1 0 65
Individual vughs 0 15 61 6 6 69
Connected vughs 0 0 6 8 1 53
Planar voids 0 2 16 14 38 54
Table 3. Pore volume and quantity of each pore classes. 
Averages and standard deviation of the three sites are given. 
Averages followed by different letters indicate a significant 
difference between the pore classes at the a = 0.05 level.
Pore class Pore volume Pore quantity
avg. SD avg. SD
________mm3_______ ________cm−3_______
Equant vesicles 0.36a 0.08 20a,b 8
Non-equant vesicles 0.32a 0.14 44a 18
Individual vughs 1.07b 0.33 19a,b 7
Connected vughs 11.0c 4.00 3b 0.7
Planar voids 1.63b 0.45 14b 8
Fig. 7. Classification tree for grouping pores according to shape using parameters extracted from high 
resolution X-ray computed tomography scan: SNSVR = sphere normalized surface area to volume ration, 
AR1 = ratio of longest to shortest axis of best fit ellipsoid.
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8). This suggests that the collapse of equant vesicles to form non-
equant vesicles occurs most often along the z-axis, presumably 
due to the weight of the overlying sediment.
Pore Variation with Depth
Analysis of vertical subsections reveals that pore size and 
quantity vary in relation to depth within the samples. All three 
peds showed a trend of decreasing number of equant vesicles 
with increasing depth in the ped (Fig. 9a). Individual vughs 
and planar voids, however, increased in number with increasing 
depth in two of the peds (Lida and Tonopah) but showed little 
change with depth in the ped from Mina (Fig. 9c and 9e). The 
trend in number of non-equant vesicles and connected vughs 
with depth, however, showed no similarity between any of the 
three peds analyzed (Fig. 9b and 9d). All pore types showed a 
trend of decreasing volume with increasing depth, across nearly 
all samples, the exception being equant vesicles and planar voids 
in the Tonopah sample (Fig. 10). Other authors have observed 
the vesicles near the surface are larger and more equant (Hugie 
and Passey, 1964; Bouza et al., 1993), and some have divided 
the vesicular horizon into two morphological zones, with the 
surface zone being dominated by vesicles and the lower portion 
dominated by platy structure (Lebedeva et al., 2009; Dietze et 
al., 2012). However, previous quantitative studies using two-
dimensional characterization have failed to find evidence of a 
trend in pore size and shape with depth (Dietze et al., 2012). The 
classification method and three-dimensional HRXCT imagery 
used in this study make it possible to quantify changes in pore 
morphology with depth in the vesicular horizon.
Possible reasons for the changes in pore morphology with 
depth include increased overburden weight with depth, de-
creased frequency of wetting with depth, and more recent de-
position of eolian sediment near the surface of the vesicular ho-
rizon. The decrease in size of all pore classes may be attributed 
to the influence of overburden weight and frequency of wetting. 
Near the surface, there is less overburden weight, which allows 
pores to grow to a larger size without collapsing. Furthermore, 
vesicular pores are known to grow in size as the soil is exposed 
to wetting and drying cycles (Miller, 1971; Figueira and Stoops, 
1983). Thus, small rainstorms that only wet the surface of the 
soil may promote growth of pores near the surface while pores 
deeper in the soil only experience periods of growth during large 
rainstorms. Some authors have suggested a relation of pore size 
with depth to the thermal gradient of the soil and greater heat-
ing of the soil surface (Bouza et al., 1993); however, subsequent 
experimental work has shown that there is no effect of heating 
on the size of vesicular pores (Dietze et al., 2012; Turk, 2012). 
The change in relative abundance of equant vesicles compared to 
other pore types may relate to the age of the sediment due to the 
accumulation of recent eolian sediments above older sediments 
in the vesicular horizons. The surface of the vesicular horizon 
may be considered to be in an earlier stage of development, in 
which vesicles have undergone less collapse, coalescence, and de-
velopment of interconnecting channels.
Differences between the peds may be attributable to changes 
in vesicular horizon with increasing age and development. There 
is an increase in soil age and development between the Lida, 
Tonopah, and Mina soils (Table 1). In comparing the younger 
soil (Lida) with the oldest soil (Mina), all pore types increase in 
size, but decrease in number. The difference in pore morphology 
with soil age may be related to alteration of the pore morphology 
over a greater number of wetting and drying cycles (Miller, 1971) 
and a longer history of eolian accumulation, creating a soil that is 
more conducive to vesicle growth (Yonovitz and Drohan, 2009).
Pore Variation between Ped Interior and Exterior
The peds collected from Lida and Tonopah showed a trend 
of decreasing number of pores, across all pores types, with in-
creasing distance from the ped center (Fig. 11). At Mina, this 
trend was observed, but to a lesser degree, for equant vesicles, 
non-equant vesicles, and individual vughs and was not observed 
for connected vughs and planar voids. At Lida, there was also an 
increase in pores size with increasing distance from the ped cen-
ter, a trend that was not observed in the samples from Tonopah 
and Mina, which had larger pores overall (Fig. 12).
These trends can most likely be attributed to more frequent 
wetting of the ped exterior. Preferential flow between colum-
nar peds has been observed to occur in the vesicular horizon 
(Meadows et al., 2008). Thus, the exterior of the peds become wet 
first, while the ped interior only becomes wet during large rain-
storms. Laboratory experiments have demonstrated that with an 
increasing number of wetting cycles, vesicular pores and vughs in-
Fig. 8. Histograms of largest axis orientation relative to the x–y plane for: 
(a) non-equant vesicles and (b) planar voids in the sample from Lida, NV.
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crease in size and decrease in number due to growth and merging 
of adjacent pores (Figueira and Stoops, 1983). This may explain 
why the exterior of the ped, which is wet more frequently, has 
larger but less numerous pores. There was less difference between 
the ped interior and exterior in the samples from Mina, reflecting a 
more advanced stage of vesicular horizon development.
SUMMARY AND CONCLUSIONS
In this study, five classes of pores occurring within the ve-
sicular horizon have been described. Methods were developed 
to classify of the pores using quantitative data extracted from 
HRXCT scans (Fig. 7). The pore classes are equant vesicles, 
non-equant vesicles, individual vughs, connected vughs, and 
planar voids. The most likely genetic relationship between these 
pore types involves the collapse, coalescence, and development 
of channels between pores. The connected vughs, though few 
in number, were the largest pores contained within the sample, 
with potential significance with regards to intrapedal movement 
of water. Significant changes in pore size and quantity were ob-
served with depth and lateral distance from the center of the 
ped. The variability in pore characteristics in different parts of 
the same ped suggests that whole ped characterization is required 
to get the complete picture of pore morphology within the ve-
sicular horizon.
The methods of pore classification and characterization 
introduced and evaluated here may be effectively applied in 
the study of vesicular horizons and soils displaying similar pore 
types. Such applications include understanding the relationship 
between vesicular pore morphology and climate regime (Turk 
and Graham, 2011), studying the effects of disturbance on vesic-
ular pore morphology (Yonovitz and Drohan, 2009), developing 
methods to relate vesicular pore shape to historical dust depo-
sition rates (Dietze et al., 2012), understanding the hydrology 
of vesicular horizons (Young et al., 2004, Meadows et al., 2005, 
Meadows et al., 2008), and characterizing porosity in fragipan 
soils (Pelton et al., 2013).
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